Abstract A normal incidence vacuum ultraviolet (VUV) and a grazing incidence extreme ultraviolet (EUV) spectrometers have been developed for the edge and core impurity measurements in HL-2A tokamak. The VUV and the EUV spectrometers cover wavelength ranges of 300∼3200Å and 50∼500Å, respectively. A spatial resolution of 2 mm has been achieved for the VUV spectrometer when a space-resolved slit 50 µm in width is used. The space-resolved slit is placed between the entrance slit and the grating of the spectrometer. The spectral resolutions of 0.15Å for the VUV spectrometer in the wavelength coverage of the concave 1200 grooves/mm grating and of 0.22Å for the EUV spectrometer at λ=200Å with a flat-field laminar-type holographic grating are obtained. The sensitivity of the VUV spectrometer was calibrated in situ with the plasma bremsstrahlung radiation. The experimental results from both spectrometers are presented, especially the line intensity radial profiles measured by the VUV spectrometer.
Introduction
Impurity behaviors in magnetically confined fusion plasmas have been extensively studied with spectroscopic methods in relation to the power balance, the impurity transport and the dilution of fuel ions, etc [1] . Plasma parameters such as the electron temperature (T e ), ion temperature (T i ) and rotation velocity can also be measured using the impurity line emissions. The vacuum ultraviolet (VUV) and extreme ultraviolet (EUV) spectroscopy have been commonly used for impurity monitoring at the plasma edge and in the core region [2, 3] , and for the impurity transport study associated with the laser blow-off technique [4] . On the other hand, detailed radial structures of the impurity and plasma parameters are also desirable. A spectrometer with spatial resolution is thus developed to measure the radial profiles of the impurities as well as the radial profiles of T e , T i and the poloidal rotation velocity when the spectrometer system has enough spectral resolution.
The sensitivity calibration is another essential issue for these spectrometers. It becomes critical in the VUV spectroscopy because the standard radiation source for calibration is lacking. The application of the Bremsstrahlung continuum radiation emitted from the high-temperature plasmas to the absolute sensitivity of the calibration has been recently reported in LHD for the EUV spectroscopy based on the development of the low-noise detector and holographic grating [5, 6] . It was demonstrated here that this method can also be used for the intensity calibration of VUV spectroscopy in HL-2A.
Geometrical parameters of the HL-2A tokamak are characterized by a major radius of R = 165 cm and a minor radius of a = 40 cm. Typical discharges are operated at the toroidal magnetic field of B t = 2.4 T and a plasma current of I p = 200∼450 kA under the presence of a single-null closed divertor configuration.
In this paper the arrangements of the VUV and EUV spectrometers in HL-2A are described in section 2, where the image spectra with spatial and spectral resolutions are presented to demonstrate the functions of these spectrometers for measuring the radial profiles of impurities. The intensity calibration of the VUV spectrometer and the performances of both spectrometers are then presented in section 3. Finally, a summary is given.
VUV and EUV spectrometers set-up
A schematic view of the VUV and EUV spectrometers installed at the midplane diagnostic port with an aperture of 600 mm in diameter is shown in Fig. 1 . The VUV spectrometer consists of a 1 m normal incidence monochromator (McPherson Model 225 NOVA), which is equipped with two manually interchangeable 1200 grooves/mm gratings (800Å blaze with Pt coating and 1500Å blaze with Al-MgF 2 coating) with the rectangular size of 56 × 96 mm 2 and a back-illuminated charge-coupled device (CCD) (Andor Model DO420) with a size of 6.7 × 26.6 mm 2 and the pixel numbers of 256 × 1024 [7] . The spectral resolution of this spectrometer is 0.15Å when an entrance slit of 10 µm in width is adopted. The line of sight of the spectrometer is tilted by an angle of φ = 10.98
• with respect to the horizontal plane and a vacuum extension chamber of about 5.6 m long is placed between the diagnostic port and the spectrometer. A space-resolved slit, which is used for measuring the vertical radial profiles of the impurity line emissions, is placed at a distance of 106.86 mm behind the entrance slit. The position is determined by a ratio of the vertical size of the detector to the vertical size of the grating. The spaceresolved slit system consists of five different horizontal slits with aperture widths of 50 µm, 100 µm, 200 µm, 400 µm and a full opening, which are mounted on a rotatable sample wheel. The spatial resolution in the present arrangement is about 2 mm when the spaceresolved slit of 50 µm is used. The vertical view range of the spectrometer is about 400 mm, which is just the minor radius of the HL-2A plasma. In order to provide the best image resolution over the full range of the CCD in relation to the focal geometry of the Rowland circle, the CCD is set at the exit slit position through a variable angle adapter. In practice, the best image is obtained at an angle of 12
• to the axis passing through the grating center and the CCD center. A mechanical shutter with a 14 mm aperture and repetition rate of 40 Hz is placed in front of the entrance slit. The unnecessary VUV emission can be then avoided by closing the mechanical shutter when the electronic signal accumulated in the CCD pixel is transferred to the shift resister for the readout. A typical VUV spectral image with spectral and spatial resolutions is shown in Fig. 2 . The widths of the entrance slit and the spaceresolved slit are both set to 100 µm and the exposure time is 100 ms. Then, the time resolution of this image is about 130 ms taking into account the readout time of the CCD. The two dimensional CCD image is plotted in Fig. 2(a) . There are several strong line emissions, such as CIII 97.7 nm, OVI 103.2 nm and OVI 103.8 nm. The corresponding spectra at Y (vertical pixel) = #130 is plotted in Fig. 2(b) . It shows that the intensities of these emissions are strong enough for the radial profile measurement. The profile for each line can be obtained when X (horizontal pixel) is set to the wavelength location of this line. The vertical profile of OVI 103.2 nm at X = #804 is shown in Fig. 2(c) as an example. It clearly shows that the peak position of OVI is close to the plasma edge. That is due to the ionization energy of OVI (138 eV) being low. The EUV spectrometer is also installed at the same diagnostic port as the VUV spectrometer and at 3.6 m away from the HL-2A plasma centre. The schematic view is shown in Fig. 1 too. The spectrometer for the present arrangement consists of a fixed entrance slit of 30 µm in width, a gold-coated concave varied-linespacing (VLS) grating and the detector. The entrance slit with a different width can be changed only in the atmosphere condition and the space-resolved slit could also be installed at the same location of the entrance slit. When the space-resolved slit is applied the radial profile of impurity could be measured. This function will be demonstrated in the coming experimental campaign. In order to reduce the impinging scattered light several masks are placed in front of the grating and at the back side of the grating. An electrical insulator is placed between the detector and the main chamber of the spectrometer. A pulse motor is used for the movement of the detector along the focal plane to change the wavelength range. The CCD is the same model as the one used in the VUV spectrometer. A laser light can be focused on the grating center as a zero-th order light to align with the spectrometer view axis.
This spectrometer covers a wavelength range of 50∼500Å with a good spectral resolution when an incident angle of α =87
• is presented. The curvature radius of the grating is 5649 mm. The distance between the grating center and the entrance slit is 237 mm and the distance between the focal plane perpendicular to the grating surface and the grating center is 235 mm. The sensitivity in the whole wavelength range of the holographic grating with 1200 grooves/mm is flat compared with the ruled grating whose sensitivity drops sharply when the wavelength is less than 200Å [8] . The EUV spectra image has been obtained with the CCD working in the full image mode. In order to obtain a clear spectral profile of the exposure time for acquisition of this image, the data range is longer than the plasma duration. The result is presented in Fig. 3 , which shows that the spectra lines are vertical and clear. This means that the optic alignment of the grating and CCD is perfect and the shape of the line is narrow. It usually occupies 2∼3 pixels. The two CCD detectors used in the two spectrometers can be cooled down to −55
• C to reduce the thermal noise using an air-cooling thermoelectric method. The maximal number of spectral frames is 166 per second when the full vertical binning is chosen as the acquisition mode. Both spectrometers are evacuated with their own magnetically floating turbo molecular pump system and an oil-free pre-pump. The vacuum pressure is generally kept in the order of 10 −5 Pa for both of them. The remote control of the CCD, data acquisition and communication between the computer in the operation room and the one near the spectrometers is achieved through a local area network (LAN).
Sensitivity calibration and experimental performance
In order to measure the impurity line emission quantitatively it is necessary to calibrate the sensitivity of the spectrometer over its wide wavelength range. In the VUV wavelength range the Bremsstrahlung radiation is considered to be the dominant component of the continuum radiation since the recombination radiation is weaker than the Bremsstrahlung radiation by nearly two orders of magnitude. The radiation power of the Bremsstrahlung continuum, P Brems , can be expressed as [9] ;
whereḡ ff is the temperature-averaged Gaunt factor. In general the Gaunt factor has a weak dependence on the wavelength. For the present calibration the Gaunt factor could change from 2.6 to 3.4 within the wavelength range of 470∼3000Å [10] . Therefore, the Gaunt factor is assumed to be 3 for simplicity. The Bremsstrahlung radiation power along the line of sight can be calculated with the measured plasma parameters, especially the electron density n e and temperature T e . In calculating the chord-integrated VUV Bremsstrahlung power the solid angle of the unit channel on the CCD was taken into account. A set of five deuterium plasma discharges (related to five wavelength locations λ= 470Å, 900Å, 1380Å, 2360Å and 3000Å) with similar discharge parameters are dedicated to the calibration. The plasma parameters are I p = 200 kA, n e = 3 × 10 13 cm −3 , B t = 2.0 T, T e = 1 keV and Z eff = 2.5. The continuum radiation is measured with the 1500Å blaze grating by setting the space-resolved slit to 'full open' and the entrance slit to 100 µm in width. In order to obtain reasonable statistics the counts of the continuum radiation are summed over several tens of channels for one wavelength point, where the line emissions are not entirely observed. When the measured counts are fitted with the formula of Y = a n e 2 + b, the second term expresses the thermal noise or scattered light, if the value of Z eff is constant against the density. The detected counts are taken from the discharge plateau where the electron density gradually increases. The density dependence of the counts is plotted in Fig. 4(a) for five wavelength points. Note that the density dependence of the counts is in good agreement with Eq. (1). This means that the Bremsstrahlung radiation can be measured even in the VUV wavelength range.
The sensitivity calibration of the present VUV system is done by plotting the ratio of the calculated values to the measured counts as a function of wavelength, as shown in Fig. 4(b) , together with the detected counts and the calculated Bremsstrahlung radiation using the plasma parameters. The sensitivity of the present spectrometer is very similar to the result obtained with a 1 m normal incidence VUV spectrometer in CHS calibrated using a traditional method [3] . The increase in sensitivity around 1400Å is reasonable because the grating is blazed at 1500Å. The sensitivity of the 800Å blaze grating for the VUV spectrometer has also been calibrated with the same method. The error in the calculation is estimated to be 24% based on uncertainties in n e (5%), T e (10%) and Z eff (20%). The present EUV spectrometer can also be calibrated using the same method. The radial profiles of impurity line emissions in different plasma conditions with the space-resolved VUV spectrometer is illuminated in Fig. 5 . The spaceresolved slit of 100 µm in width is presented. The intensity profiles of CV 2271Å in H-mode and L-mode are plotted in Fig. 5(a) . It clearly shows that the peak position of CV shifts outwards for the H-mode phase compared with the L-mode phase. This is in accordance with the increase in electron temperatures at the edge when the pedestal of the H-mode is formed. In Fig. 5(b) the profiles of the second order spectrum of CIV (2×1548Å) are presented for the L-mode and Hmode with limiter and divertor configurations. The intensity of CIV is lower when the divertor configuration is formed. It smoothly increases at the edge boundary in the limiter configuration, whereas a pedestal structure appears at the edge in the divertor configuration. The intensity strongly increases when the H-mode appears. That may be caused by the increase in electron temperature or the increase in impurity concentration due to the enhancement of sputtering yield with a higher edge temperature in H-mode. Detailed analysis of the spectra is needed. These observations suggested that the present VUV spectrometer with spatial resolution functions very well. In Fig. 6 a typical EUV spectra from the HL-2A plasma is plotted. It can be seen that the shortest wavelength for the present EUV spectrometer can be extended to 20Å even though the spectral resolution is not good enough. A spectral resolution of 0.22Å at 200Å is achieved after careful adjustment of the optical components, and the spectral lines are sharp and clear. The thermal noise is very low although the CCD is cooled down to just +5
• C in this case. The intensities of the line emissions from the dominant intrinsic impurities, C and O, in HL-2A are strong enough. This makes the measurement of the radial profiles of impurities feasible by installing a space-resolved slit at the same location of the entrance slit as the next step in developing the EUV spectrometer. 
Summary
A 1 m vacuum ultraviolet spectrometer system with a maximum spatial resolution of 1.5 mm and spectral resolution of 0.15Å has been developed for impurity study at plasma edge in HL-2A. The instrument is equipped with two concave gratings blazed at 800Å and 150Å, respectively, and a windowless back-illuminated CCD detector of 256×1024 pixels. The spectrometer sensitivity has been successfully calibrated in situ using the VUV Bremsstrahlung radiation emitted from the HL-2A plasma. Radial profiles of the impurity intensity are successfully measured.
A flat-field EUV spectrometer with good spectral resolution of 0.22Å at λ=200Å has been newly developed for HL-2A in 2011. A laminar-type holographic grating is adopted with very good performance. The incident angle of the grating is 87
• and the distance between the grating and focus plane is 235 mm. The wavelength coverage for the VUV spectrometer and for the EUV spectrometer are 300∼3200Å and 50∼500Å, respectively. Both spectrometers function very well as concluded from the excellent experimental performances.
